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Abstract
Defensins are broad-spectrum antimicrobial peptides that play an important role in providing innate immunity to various 
biotic stresses in plants. We identified and characterized 22 defensin (DEF) and defensin-like (DEFL) genes in chickpea 
(Cicer arientinum) based on their structures, expression, chromosomal localization, conserved motifs, and cis-regulatory 
elements. The localization of DEF and DEFL genes in chickpea genome revealed the presence of at least two clusters that 
are likely evolved through local gene duplications. Genotype-specific responses of several CaDEF and CaDEFL genes in 
fungal bioassays suggested their involvement in defense against fungal pathogens such as hemi-biotrophic F. oxysporum f. 
sp. ciceris and dry root rot causing necrotrophic R. bataticola. Molecular docking studies revealed interactions of CaDEFs 
with fungal plasma membrane components such as phosphatidylserine (PS) and glucosylceramide (GluCer) and their bind-
ing sites were identified. Our data will be useful to identify potential candidate genes and their role in host-plant resistance 
in chickpea, besides presenting opportunities for their potential for possible deployment in other crops.

Keywords Anti-fungal proteins (AFPs) · Chickpea · Defensins, dry root rot · Fusarium · Host pathogen interactions

Introduction

Chickpea (Cicer arietinum L.) is a self-pollinating annual 
diploid legume with an estimated genome size of ~ 740 Mb 
(Jain et al. 2013; Varshney et al. 2013). In the semi-arid 
tropics, chickpea is consumed as a primary source of protein 
and while it is an important legume and is a member of the 
founder crop package, research pertaining to it is limited 
compared to the other founder crops (Jukanti et al. 2012). 
Fungal diseases account for almost 70% of the major crop 
diseases and chickpea production is affected by several fun-
gal diseases such as Fusarium wilt, Botrytis grey mold, Dry 
root rot and Ascochyta blight (Islam 2008; Li et al. 2015). 
Various breeding strategies such as identification of Quan-
titative Trait Loci (QTL) using resistant sources and marker 
assisted selection (MAS) have been employed for developing 
chickpea cultivars with high level of resistance to diseases 
and pests. Nevertheless, to overcome difficulties associated 
with introgression of large QTL, it is important that candi-
date genes contributing to fungal disease resistance in this 
important legume crop are identified. Plants have been found 
to combat such fungal diseases with the help of antifun-
gal proteins (AFPs). These AFPs are categorized according 
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to their structure and function and comprise of proteins 
such as defensins and defensin-like proteins, chitinases 
and chitinase-like proteins, peroxidases, and ribonucleases 
among many (Yan et al. 2015). While leguminous plants 
have no immune system, defensins form a part of the innate 
immunity (Wang et al. 2009; Lacerda et al. 2014). Plant 
defensins, a diverse family of antimicrobial peptides, play 
an important role in defense against pathogens by inhibit-
ing their growth and infection (Yan et al. 2015). Defensins 
accumulate in high concentrations at the site of infection 
during initial stages to arrest the pathogen attack and are 
produced in moderate levels in rest of the plant as a part 
of induced systemic resistance. They have been reported to 
form pores in the pathogen plasma membrane and increase 
the  Ca2+ uptake and  K+ influx, thereby increasing the cell 
permeability which is similar to numerous other AFPs (Iqbal 
et al. 2019). Several defensin proteins and peptides have 
been isolated from legumes which confer antifungal activi-
ties (Mani- López et al. 2021). These properties of defensins 
have been utilized in transforming several plant defensins 
into various host plants to enhance disease resistance (Lac-
erda et al. 2014; Gao et al. 2000; Lay and Anderson 2005). 
Although diverse in their primary sequences, defensins are 
45–54 amino acids in length with a characteristic N-terminal 
signal peptide, defensin-motif, and conserved cysteine resi-
dues (Iqbal et al. 2019). The three-dimensional structure of 
plant defensins comprises of a α-helix with triple stranded 
antiparallel β-sheets stabilized by four intra-molecular 
disulphide bridges (CSα/β) whose organizational patterns 
are well conserved. These structural features confer a wide 
range of biological properties to defensins, such as antifun-
gal and antibacterial activities (Aerts et al. 2008), zinc tol-
erance (Mirouze et al. 2006), proteinase inhibitory activity 
(Wijaya et al. 2000), and α-amylase inhibitory activity.

A number of defensin (DEF) and defensin-like (DEFL) 
genes have been identified from model species like A. thali-
ana, Medicago truncatula, legumes such as Pisum sativum, 
Phaseolus vulgaris and crops plants such as Brassica rapa, 
Vitis vinifera, and Solanum lycopersicum (Mani- López et al. 
2021). Nevertheless, the defensin gene family has not yet 
been explored in chickpea (Cicer arietinum L.) except for 
studies against Ascochyta rabiei (Pass.) Labr (Andam et al. 
2020). Considering the relevance and potential of these anti-
microbial peptides for resistance-associated mechanisms, 
our study explored DEF and DEFL genes in chickpea with 
detailed information on their structures, chromosomal locali-
zation, conserved motifs, cis-regulatory elements, and their 
expression, during pathogen attack against F. oxysporum f. 
sp. ciceris and Rhizoctonia bataticola.

Materials and Methods

Plant Material, Stress Imposition, and Growth 
Conditions

Two groups of chickpea genotypes were used in this study. 
The first group constituted of Cicer arietinum L. varieties, 
WR 315 and JG 62, reported to be highly resistant and sus-
ceptible to Fusarium oxysporum f. sp. ciceris, respectively 
(Sharma et al. 2010). The second group constituted of a wild 
chickpea species found to be resistant (C. reticulatum; ICC 
17160), and cultivated C. arietinum varieties that are mod-
erately resistant (ICC 005530), or susceptible (BG 212) to 
dry root rot caused by Rhizoctonia bataticola (Macropho-
mina phaseolina). For first group, seeds of JG 62 and WR 
315 were surface sterilized using 2% sodium hypochlorite 
for 2 min, rinsed in sterile distilled water, and germinated 
for eight days in plastic pots containing sterilized sand. The 
8-day old seedlings were carefully uprooted, and the roots 
were washed under running water to remove excess sand. 
Root tips, around 0.5 cm long were cut off to facilitate entry 
of Fusarium oxysporum f. sp. ciceris (Foc) Race1 into the 
roots. Roots of the seedlings were then dipped separately 
in the F. oxysporum inoculum @ 6.5 ×  105 conidia  ml−1 for 
1–2 min to enable conidia to adhere to the roots. Inocu-
lated seedlings were transplanted in pre-irrigated sterile 
vertisol and sand (3:1) in pots and incubated at 25 ± 3 °C. 
In the resistant genotype WR 315, no disease symptoms 
were observed until the end of experiment, but susceptible 
genotype JG 62 showed typical wilt symptoms like dropping 
of the leaves, flaccidity and vascular discoloration leading 
to complete mortality of the plant. Visible symptoms are 
seen 7 days after inoculation and complete mortality was 
observed after 10–12 days under controlled conditions. 
Inoculated seedlings were observed regularly for disease 
expression. Sampling was done at regular intervals of 24 h 
until 288 h after inoculation. Total genomic DNA from Foc 
infected root samples of both genotypes, WR 315 and JG 62 
was isolated using PureLink Plant Total DNA Purification 
kit (Invitrogen, USA) followed by manufacturer’s recom-
mendation. To quantify the colonization of Foc within the 
chickpea root tissue, the real-time PCR was carried out as 
per the protocol of Sharma et al. (2014) and Tarafdar et al. 
(2018) using gene specific 18 s primer pairs using 10 ng of 
each DNA. The qRT-PCR was carried out with the ampli-
fication cycle of 95 °C for 4 min, and another 40 cycles 
of 95 °C for 10 s, and 62 °C for 30 s. To make a standard 
curve for quantification of Foc in root tissue, the tenfold 
diluted DNA of Foc 38 ranging from 10 ng to 0.01 pg were 
subjected to qPCR. The triplicate Ct values were taken for 
each sample as replications in every experiment and stand-
ard error was calculated.
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For the second group, 7-day-old seedlings of C. arieti-
num varieties BG 212, ICC 05530, and C. reticulatum (ICC 
17160), raised in plastic pots containing sterilized sand, were 
inoculated by dipping the roots in macerated culture of R. 
bataticola for 2 min.. A pathogenic isolate of R. bataticola, 
isolated from naturally infected chickpea plant at ICRISAT, 
Patancheru, was used throughout the experiments. Isolate 
was purified using mono-sclerotia and maintained on PDA 
slants at 5 °C in the refrigerator. Inoculum was mass mul-
tiplied on potato dextrose broth medium. R. bataticola was 
inoculated from actively growing fungal disc into a potato 
dextrose broth and incubated for 5 days at 28 °C. The fungal 
mat from this broth was macerated in 100 ml of sterilized, 
distilled water (SDW) which was then used as inoculum 
for dipping the roots (Sharma and Pande 2013). Inoculated 
seedlings were placed in a folded, moist blotting paper with 
shoot protruding outside and placed in trays followed by 
incubation at 35 ± 1 °C with a 12 h photoperiod. The seed-
lings were regularly moistened with sterile distilled water 
for 7 days following which disease severity was evaluated 
at regularly. In susceptible cultivars, the roots of the affected 
plant showed black lesions and discoloration is very promi-
nent. Severity of the disease varies in moderate and sus-
ceptible cultivars). Blotter paper was adequately moistened 
every alternate day till final observation. Incubation condi-
tions were 35 °C and 12 h of photoperiod. The resistant 
genotypes showed less disease severity in contrast to sus-
ceptible checks. Subsequently root samples were collected 
from infected and uninfected plants in duplicates at each 
time point until 168 h, and flash frozen in liquid nitrogen.

Identification and Phylogenetic Analysis of CaDEF 
Genes from Chickpea

Two different approaches were used for genome-wide identi-
fication of Defensins: (i) Firstly, Defensin (DEF) and Defen-
sin-like (DEFL) protein sequences from plants belonging 
to Poaceae (Hordeum vulgare, Zea mays, Cenchrus ameri-
canus, Oryza sativa, Sorghum bicolor, Triticum aestivum, 
Saccharum officinarum), Fabaceae (Medicago sativa, M. 
truncatula, Lotus corniculatus, Pisum sativum, Phaseolus 
vulgaris, Trigonella foenum, Vigna unguivulata), Solan-
aceae (Nicotiana sp., Atropa belladona, Capsicum annum, 
Lycopersicum esculentum, Solanum tuberosum), and Bras-
sicaceae (A. thaliana, A. lyrata, A. halleri, Brassica sp., 
Raphanus sativus) were used as queries to conduct extensive 
BLASTP searches against the NCBI database to identify 
potential chickpea defensins (CaDEFs). Unique sequences 
were selected manually and were analyzed using the Pfam 
and NCBI conserved domain database (CDD) to confirm 
these as members of defensin gene family. (ii) In the second 
approach, the same query sequences were used as input for 
Clustal Omega (https:// www. ebi. ac. uk/ Tools/ msa/ clust alo/) 

alignments. The alignment files were then used for mak-
ing DEF HMM profile using module “hmmbuild”. Further, 
all predicted protein sequences of chickpea were searched 
using this DEF HMM profile using module “hmmsearch” in 
the HMMER version V.3. with e value < 1e-05. The result-
ing sequences were further confirmed for the presence of 
defensin domains using PfamScan. Multiple sequence 
alignments of all DEF and DEFL proteins available from 
chickpea, A. thaliana and M. truncatula in the UniProtKB 
database were performed using ESPript (https:// espri pt. ibcp. 
fr). Phylogenetic tree of all CaDEF, AtDEF, and MtDEF 
sequences was constructed using the Neighbor Joining (NJ) 
method in MEGA 7 software with bootstrap values from 
1000 replicates indicated at each node. Similarly, an NJ-
tree of CaDEFL, MtDEFL, and AtDEFL sequences was also 
constructed. An unrooted phylogenetic tree of the identified 
16 CaDEFs and 6 CaDEFLs was constructed using similar 
method. The nomenclature used to assign gene names had 
two letters denoting the source organism, name of the gene 
family, group number and gene numeral (e.g., CaDEF1.1, 
CaDEFL1). The CDS, peptide lengths, and chromosomal 
locations were obtained from the NCBI database. Physic-
ochemical characterization of proteins was performed by 
predicting the molecular weight (kDa), isoelectric point (pI) 
using the pI/Mw (http:// web. expasy. org/ compu te_ pi/) and 
PROTPARAM (http:// web. expasy. org/ protp aram/) tools of 
EXPASY. Subcellular localization of CaDEF proteins was 
predicted using TargetP1.1 server (http:// www. cbs. dtu. dk/ 
servi ces/ Targe tP/) and WoLF PSORT tool (http:// www. 
gensc ript. com/ wolf- psort. html).

Structure and Organization

The intron–exon structures of CaDEF genes were deter-
mined by aligning the genomic and CDS sequences. The 
gene structure was represented by using Gene structure dis-
play server (GSDS) (http:// gsds. cbi. pku. edu. cn/). Addition-
ally, the MEME suite (http:// meme- suite. org/ tools/ meme) 
was used for identification of novel un-gapped conserved 
motifs in CaDEF protein sequences.

In Silico Promoter Analysis

To elucidate putative cis-acting elements that may be 
responsible for CaDEF gene expression in response to dif-
ferent stresses, 1500 bp of the genomic DNA sequences 
upstream from the translational start site (ATG) of the each 
CaDEF gene were extracted from the NCBI database. The 
plantCARE (Lescot et al. 2002), PLACE (Higo et al. 1999), 
and PlantPAN (Chang et al. 2008) databases and existing 
literature were used to identify the cis-acting elements in 
the promoter regions.

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://espript.ibcp.fr
https://espript.ibcp.fr
http://web.expasy.org/compute_pi/
http://web.expasy.org/protparam/
http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/TargetP/
http://www.genscript.com/wolf-psort.html
http://www.genscript.com/wolf-psort.html
http://gsds.cbi.pku.edu.cn/
http://meme-suite.org/tools/meme
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Chromosomal Location and Synteny Analysis

The chromosomal location of CaDEF, AtDEF, and MtDEF 
genes was determined based upon information from the 
GenBank, NCBI. A representative image of chromosomal 
locations of CaDEF genes was created using MapChart 
version 2.30 (https:// www. wur. nl/ en/ show/ Mapch art-2. 30. 
htm). To compare defensin genes from chickpea with those 
in other plant species such as M. truncatula and A. thaliana, 
BLASTN searches were conducted using the NCBI RefSeq 
database, with parameters; e value ≤ 0.01 and minimum per-
cent identity = 70%. Genes identified on unplaced scaffolds 
were not used in the analysis. Ideograms were created using 
Circos (Krzywinski et al. 2009).

RNA Extraction and qRT‑PCR Analysis

Total RNA from infected and uninfected chickpea root 
tissues were isolated using NucleoSpin RNA kit (Mach-
erey–Nagel GmbH & Co. KG) according to manufacturer’s 
instructions. The RNA (2 µg) was reverse-transcribed into 
the first-strand cDNA in 25 μl of reaction using MuLV 
Reverse Transcriptase (NEB). qRT-PCR primers were 
designed using Primer3 software (Untergasser et al. 2007) 
with GC content of 40–60%, Tm of 60–62 °C, and primer 
length of 20–22 nucleotides with an expected product size 
of 90–180 bp (Table S1). The Kappa Master Mix (2X) was 
used for gene quantification according to manufacturer's rec-
ommendations in the RealPlex (Eppendorf). qRT-PCR for 
each sample in duplicate was carried out in 96-well optical 
reaction plates in a total volume of 10 μl containing 0.4 μM 
of each primer, cDNA (1.0 μl), and 5 μl of Kappa master 
mix (2X) and nuclease-free water added up to 2.4 μl. The 
thermal cycles were as follows: 95 °C for 5 min followed 
by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. Upon 
completion of qRT-PCR reactions, melting curves were gen-
erated to analyze the specificity of each gene by increasing 
the temperature from 60 to 95 °C. For internal calibration, 
CAC  and ABCT genes were used (Reddy et al. 2016). The 
relative expression levels of CaDEF transcripts in resistant 
and susceptible genotypes in response to the disease progres-
sion were compared to their corresponding controls using 
the  2−ΔΔCt method. Similarly, the expression profiles of F. 
oxysporum genes in wilt resistant as well as susceptible gen-
otypes were studied, with GAS1, SWI6, LAS21, and FKS1 
used as the fungal reference gene. All experiments were car-
ried out in two biological and two technical replications.

The genesBeta-1,3- 6 glucanosyltransferase (GAS1), 
ethanolaminephosphotransferase (LAS21), 1,3-beta-glucan 
7 synthase (FKS1) and Switching-deficient transcription 
co-factor (SWI6) are involved in fungal cell wall synthesis. 
These proteins are induced to protect and boost the fungal 
growth under various stress conditions. Defensins are known 

to bind and interact with phospholipid components of the 
fungal cell membrane which then induces pore formation, 
membrane permeabilization, internalization and subse-
quently arrests the fungal growth (Poon et al. 2014). The 
expression profiles of these genes were conducted in infected 
root samples of different resistant and susceptible genotypes 
to determine the involvement of CaDEF’s and CaDEFL’s in 
defense mechanism.

Molecular Docking Analyses

To predict molecular interactions between CaDEF proteins 
(CaDEF1.1b, CaDEF2.5a, CaDEFL2, CaDEF3, CaDEF4, 
and CaDEF5) and ligands that are integral components of 
fungal plasma membrane, glucosylceramide (GluCer) and 
phosphatidylserine (PS), molecular docking was carried out 
in two steps, (1) three-dimensional (3D) structure predic-
tion, and (2) structure-based search for ligand interactions. 
The 3D structure was modeled using homology modeling-
based approach using the MODWEB server (https:// modba 
se. compb io. ucsf. edu/ modweb/) (Pieper et al. 2011), and 
the best model was manually selected. Docking study was 
conducted to study the interactions of CaDEF proteins with 
PS. The generated CaDEF models were superimposed upon 
PDB-ID 4CQK (that represents interaction between Nicoti-
ana alata defensin1 and PS) and PDB-ID 2KSK (that repre-
sents interaction between sugarcane defensin-5 and GluCer) 
using topology-independent structure superimposition tool 
CLICK (Nguyen and Madhusudhan 2011) and with C-alpha 
and C-beta as representative atoms. 3-D co-ordinate file was 
obtained from PubChem, converted to PDBQT format using 
AutoDock Tools 4 (Morris et al. 2009) and independently 
docked with CaDEF models by using AutoDock Vina with 
default parameters (Trott and Olson 2009).

Results

Identification and Phylogenetic Analyses

The genome-wide identification of defensins from chick-
pea based upon homology as well as Hidden Markov 
Model (HMM) searches resulted in 22 unique proteins 
containing the PF00304 and PF01097 domains corre-
sponding to the ɣ-thionin and defensin family, respec-
tively. The identified proteins were classified in three 
groups based upon the presence of conserved domains in 
the peptides and their phylogenetic clustering. Phyloge-
netic analysis of peptide sequences corresponding to the 
identified 22 genes revealed their clustering in different 
groups that could be classified into three distinct clades 
(Fig. 1). Group CaDEF1 comprised of three members 
that shared 98% sequence similarity and were transcript 

https://www.wur.nl/en/show/Mapchart-2.30.htm
https://www.wur.nl/en/show/Mapchart-2.30.htm
https://modbase.compbio.ucsf.edu/modweb/
https://modbase.compbio.ucsf.edu/modweb/
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variants, i.e., products of alternative splicing. While group 
CaDEF2 had eight members, of whom CaDEF2.5a and 
CaDEF2.5b were identified as transcript variants, CaDEFL 
group constituted of six members (CaDEFL1, CaDEFL2, 
CaDEFL3 CaDEFL4, CaDEFL5, and CaDEFL6). Five 
phylogenetically distant CaDEFs that did not fit in any 
of these groups were classified as CaDEF3, CaDEF4, 
CaDEF5, CaDEF6, and CaDEF7.

The phylogenetic analysis of CaDEFs with homologs 
from A. thaliana and M. truncatula revealed a close evo-
lutionary relationship between CaDEF1 and MtDEF2.1, 
while different members of group CaDEF2 were closer 
to AtPDF2.5, AtPDF2.6, and MtDEF4 proteins (Supple-
mentary Fig. 1a). While the evolutionary relationship of 
CaDEFLs with other defensin-like proteins was studied 
by aligning 300 DEFL proteins from A. thaliana and 49 
DEFL proteins from M. truncatula, constructing the phy-
logenetic tree was a challenge since the distance between 
several pairs of alignment could not be calculated with 
the MEGA7 software. To overcome this, a small sub-tree 
was generated based on similarities between CaDEFLs, 
AtDEFLs, and MtDEFLs that revealed clustering of all 
six CaDEFLs in a distinct clade (Supplementary Fig. 1b). 
The bootstrap values indicated strong confidence in phylo-
genetic relationship of the DEFL families and established 
that CaDEFLs had comparable homologs in the model 
plant species.

Sequence Analyses and Characterization

All 22 chickpea DEF and DEFL protein sequences exhib-
ited 8–15 characteristic Cys residues with the signature 
CSαβ motif revealing highly conserved organizational pat-
terns between the 3rd and 4th Cys residues. Multiple align-
ment of protein sequences showed conservation of Cys and 
Gly residues (Fig. 2). The group-wise multiple sequence 
alignments indicated very high degree of conservation. 
CaDEF1.1a, CaDEF1.1b, and CaDEF1.1c were found to 
be products of transcript variants with 98% sequence iden-
tity among these. The group 1 mature protein sequences 
showed signature CSαβ motif and conserved 8 Cys resi-
dues with a  C1X10C2X5C3X3C4X10C5X5C6X1C7X3C8 
pattern. Similarly, members of CaDEF2 shared vary-
ing identities with each other (48–97%); CaDEF2.5a 
and CaDEF2.5b being products of transcript variants. 
Group 2 mature protein sequences were again highly 
conserved with a CSαβ motif, ɣ-thionin core and 
 C1X10C2X5C3X3C4X9C5X6C6X1C7X3C8 Cys residue pat-
tern which differed in pattern from group 1 with respect to 
number of amino acids between  C4 and  C6. Interestingly, 
group DEFL included 127 to 130 amino acid long pep-
tides that showed 37–81% identity within the group. These 
contained 15 conserved Cys residues with a pattern   C1 X 
6C 2 X3 -4 C3 X 3C4X11–13C5X5C6X1C7X8–13C8X6C9X3C10X-
4C11X3C12X1C13X10C14X1C15 (Fig. 2).

Fig. 1  Phylogenetic analysis of CaDEF and CaDEFL amino acid sequences. NJ-tree of 16 CaDEF and 6 CaDEFL proteins, and gene organiza-
tion of CaDEF and CaDEFL genes. The boxes represent exons, dotted-lines represent introns, and the double-lines represent UTR 
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The conserved motifs in CaDEF and CaDEFL proteins 
were studied using the MEME suite to obtain insights into 
the diversity of composition (Supplementary Fig. 2). A total 
of five conserved motifs were identified and designated as 
motif 1–5. Motif 1 belonged to the gamma-thionin family 
(pfam00304), a close relative of the defensin family that 
was distributed in all members of group 1 and group 2 along 
with CaDEF3 and CaDEF6 (Supplementary Fig. 3). Motif 2, 
representing the signal peptide was found to be present near 
the N-terminal of almost all CaDEF and CaDEFL proteins 
with exceptions being CaDEF2.7 and CaDEF6 that lacked 
the signal peptide. Although the motif 4 was found to be 
present in all defensins of group1 and 2, CaDEF3, CaDEF6, 
and CaDEF7, its function remained ambiguous. The motifs 
3 and 5 were found to be distributed in all CaDEFL pro-
teins (Supplementary Fig. 3). The putative function of these 
motifs could not be identified, and their functional charac-
terization may shed some light upon the role of these motifs. 
Intriguingly, the phosphatidic acid (PA) binding RGFRRR 
motif, that has been reported to facilitate internalization of 
defensin by interacting with pathogen cell walls, was found 

only in CaDEF2.4. Other members of group 2 showed vari-
ations in the RGFRRR motif which could be depicted by 
XG(F/L) RRX.

The identified proteins were characterized in silico with 
respect to their molecular weight, isoelectric point, chromo-
somal location, and subcellular localization. The predicted 
molecular weights ranged from 6.2 to 14.4 kDa, while their 
pI varied from 6.05 to 9.14 (Table 1). While, CaDEF2.4, 
CaDEF2.7, CaDEF3, CaDEFL4, and CaDEFL5 were pre-
dicted to localize in the chloroplast, rest of the CaDEF and 
CaDEFL peptides were predicted for extracellular targeting.

Gene Structure Organization and In Silico Promoter 
Analysis

The structural diversity of CaDEF genes was identified by 
aligning the genomic and coding region sequences using 
GSDS (Fig. 1). While majority of CaDEFs contained two 
exons interrupted by an intron, CaDEF2.7 and CaDEF7 
contained a single exon. The length of exon 1 ranged from 
57 to 66 nucleotides in all CaDEF genes, thereby indicating 

Fig. 2  Sequence analysis and genomic organization of CaDEF and CaDEFLs. Multiple sequence alignment of CaDEF and CaDEFL amino acid 
sequences generated by using ESPript showing the distinctive CSαβ domain characterized by  CX3C sequences
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that these were highly conserved. The intron and exon 2 
lengths varied. Three types of introns were identified: 
phase-0 (intron exactly between two codons), phase-1 
(intron between first and second base of codon) and phase-2 
(intron between second and third base of codon), revealing 
five genes with phase-0 introns and nine genes with phase-1 
and 6 with phase-2 introns.

Many cis-acting elements specific to wound stress, abi-
otic stress and tissue-specific expression were identified in 
CaDEF and CaDEFL promoters (Table 2). These included 
the wound-responsive element (WUN-motif) responsible for 
response to pathogen and elicitors (TC-rich repeats, Box W1 
and ELI-box3), salicylic acid and methyl jasmonate-respon-
sive elements (TCA, TGACG and CGTCA motifs). Other 
relevant cis-regulatory elements identified in most CaDEF 
promoters included ABA-responsive element (ABRE), heat 
shock element (HSE), low temperature-responsive (LTR), 
MYB binding site involved in drought-inducibility (MBS), 
gibberellin response element (GARE), and auxin-responsive 
element (TGA) (Table 2).

Synteny Analysis and Chromosomal Location

Synteny analysis of CaDEF genes revealed that CaDEF1 
genes on chromosome 1 shared synteny with Defensin genes 
located on chromosome 1 and chromosome 2 of A. thaliana 
and M. truncatula, respectively (Fig. 3). Similarly, CaDEFL 
genes clustered on chromosome 1 shared synteny with genes 
localized on chromosome 2 in M. truncatula and chromo-
some 4 of A. thaliana. Furthermore, CaDEF2 genes clus-
tered on chromosome 7 showed syntenic relationships with 
AtDEF genes on chromosome 2 but did not indicate any 
relationship with M. truncatula.

Moreover, chromosomal location analyses of CaDEF 
and CaDEFL genes revealed distribution of 13 CaDEF 
and CaDEFL genes on 6 out of 8 chromosomes of chick-
pea, while the remaining 2 genes were mapped to unplaced 
genomic scaffolds (Fig. 3). While several of these genes 
were localized on chromosome numbers 3, 5, 6, and 8, 
CaDEFL genes clustered together in a 43 kb region on 
chromosome 1, between the co-ordinates 19671770 and 
19715819, closer to CaDEF1 group cluster in the vicinity 
at 16939546–16940089. Another high-density cluster of five 
genes belonging to group 2, viz., CaDEF2.1, CaDEF2.2, 
CaDEF2.4, CaDEF2.6a, and CaDEF2.7, that lied in a 
185 kb region on chromosome 7 between the co-ordinates 
17346485 and 17531957. These gene clusters indicated the 
occurrence of strong local gene duplication.

The CaDEFL cluster on chromosome 1 and CaDEF clus-
ter on chromosome 7 were studied in detail to identify their 
significance in stress response mechanisms and for determin-
ing the flanking genes (Supplementary Fig. 4). The CaDEFL 
cluster upstream was flanked by genes encoding proteins 

such as nifU-like protein 3 (XP_004487950.1), TOX-4-
like (XP_012573704.1), glucose-6-phosphate 1-epimerase 
(XP_004487963.1), villin-4-like (villin-4-like), METAXIN-
like (XP_004487965.1) and pentatricopeptide repeat-con-
taining protein (PPR) (XP_004487967.1). The downstream 
region comprised of PPR (XP_012573978.1), oxysterol-
binding proteins (XP_004487976.1, XP_004487979.1), 
subtilisin-like protease (XP_012573973.1), DNA-directed 
RNA polymerase I subunit (XP_012573983.1) and serine/
threonine-protein phosphatase (XP_004488005.1), with a 
few uncharacterized genes distributed in between (Supple-
mentary Fig. 4, Table S2).

Similarly, the upstream region of the CaDEF clus-
ter on chromosome 7 exhibited genes encoding pro-
teins such as isoprenylcysteine alpha-carbonyl methyl-
esterase (XP_004509595.1), six PPR transcript variants 
(XP_004509598.1, XP_004509599.1, XP_012573810.1, 
XP_012573811.1, XP_012573812.1, and XP_012573813.1), 
histone-lysine N-methyltransferase (XP_004509600.1), 
aldo–keto reductase (XP_004509601.1). Whereas, the 
downstream region contained genes coding for proteins such 
as GDSL esterase/lipase (XP_004509605.1), UBX domain-
containing protein (XP_004509607.1), transcription factor 
GTE1 (XP_004509610.1) and actin-related protein 2/3 com-
plex (XP_004509613.1; Supplementary Fig. 4, Table S2).

Expression of CaDEF Genes During Pathogen Attack

The expression profiles of the identified chickpea defensin 
genes were investigated in root tissues challenged with F. 
oxysporum and R. bataticola, causal agents of Fusarium wilt 
and dry root rot diseases, respectively. qRT-PCR analyses of 
infected tissues were carried out to investigate differential 
expression of CaDEF and CaDEFL genes in resistance to F. 
oxysporum infection using resistant (WR 315) and suscepti-
ble (JG 62) chickpea varieties at different stages of disease 
progression (Table S1). Results suggested that at early stages 
i.e., 24 h post-inoculation (hpi), CaDEF3, CaDEF4, and 
CaDEF7 showed an increased expression in the susceptible 
genotype JG 62 alone, while other genes such as CaDEF2.4 
and CaDEF2.5b, showed enhanced expression in both geno-
types. Although no major induction occurred in JG 62 after 
48 h, the resistant genotype WR 315 showed up-regulation 
of CaDEF1.1a, CaDEF1.1b, CaDEF1.1c, and CaDEF2.4. 
Interestingly, CaDEF2.5b was down regulated in both the 
tested genotypes at 48 hpi.

Intriguingly, the resistant genotype WR 315 showed a sig-
nificant increase in the expression of all CaDEFs from 48 h 
onwards (except CaDEF2.5b, CaDEF2.6, and CaDEF7), 
reaching maximum expression at 120 hpi, which thereafter 
decreased by 288 hpi. No disease symptoms were observed 
in this genotype until end of the experiment. In contrast, 
JG 62 did not exhibit significant changes in the expression 



Journal of Plant Growth Regulation 

1 3

Ta
bl

e 
2 

 C
is

-r
eg

ul
at

or
y 

el
em

en
ts

 fr
om

 th
e 

pr
om

ot
or

 re
gi

on
 o

f C
aD

EF
 g

en
es

S.
N

o
G

en
e

A
B

R
E 

m
ot

if
M

B
S

TC
-r

ic
h 

re
pe

at
s

W
U

N
-m

ot
if

ER
E

TC
A

-e
le

m
en

t
TG

A
C

G
-m

ot
if

C
G

TC
A

-m
ot

if
B

ox
-W

1
EL

I-
bo

x3

1
C

aD
EF

1.
1a

9 
(+

 10
4)

6 
(+

 10
4)

6 
(+

 11
4)

6 
(+

 13
70

)
6 

(−
 13

49
)

9 
(+

 43
0)

9 
(+

 12
71

)
9 

(−
 78

8)

9 
(−

 12
09

)

2
C

aD
EF

1.
1b

9 
(+

 19
3)

8 
(+

 11
7)

9 
(+

 8)
3

C
aD

EF
1.

1c
9 

(+
 19

3)
8 

(+
 11

7)
9 

(+
 8)

4
C

aD
EF

2.
1

6 
(−

 34
8)

9 
(−

 12
40

)
5

C
aD

EF
2.

2
6 

(+
 26

2)
8 

(−
 12

41
)

5 
(+

 75
0)

5 
(−

 75
0)

9 
(−

 14
8)

9 
(+

 76
4)

6
C

aD
EF

2.
3

9 
(−

 12
75

)
6 

(+
 99

8)
9 

(−
 66

)
8 

(+
 35

2)
8 

(+
 37

9)
9 

(−
 79

7)
5 

(−
 13

73
)

5 
(+

 13
73

)
6 

(+
 56

7)

7
C

aD
EF

2.
4

9 
(+

 13
9)

9 
(+

 79
7)

5 
(+

 45
3)

5 
(−

 45
3)

8
C

aD
EF

2.
5a

9 
(+

 13
74

)
8 

(+
 24

6)
9

C
aD

EF
2.

5b
9 

(+
 13

74
)

8 
(−

 24
6)

10
C

aD
EF

2.
6

8 
(+

 14
43

)
6 

(−
 33

5)
6 

(+
 41

5)
11

C
aD

EF
2.

7
6 

(+
 10

59
)

6 
(−

 11
55

)
9 

(−
 51

3)
9 

(−
 57

8)
5 

(−
 20

5)
5 

(+
 20

5)

12
C

aD
EF

3
6 

(+
 15

3)
9 

(+
 66

7)
9 

(−
 12

33
)

9 
(−

 88
0)

6 
(+

 51
9)

13
C

aD
EF

4
8 

(−
 98

7)
.8

(−
 10

23
)

9 
(+

 11
09

)
9 

(−
 11

93
)

14
C

aD
EF

5
6 

(+
 19

9)
6 

(+
 14

81
)

9 
(+

 94
3)

9 
(−

 88
6)

15
C

aD
EF

6
9 

(+
 35

1)
8 

(+
 19

3)
9 

(+
 14

5)
16

C
aD

EF
L1

6 
(−

 13
79

)
6 

(+
 78

6)
9 

(−
 13

9)
17

C
aD

EF
L2

6 
(+

 96
2)

6 
(+

 11
02

)
9 

(−
 35

4)
9 

(−
 55

8)
5 

(−
 17

)
5 

(−
 26

)
5 

(+
 17

)
5 

(+
 26

)
6 

(−
 96

3)
6 

(+
 14

07
)

6 
(−

 11
03

)
18

C
aD

EF
L3

6 
(−

 32
0)

9 
(−

 85
8)

6 
(−

 65
)

6 
(−

 81
3)

9 
(+

 56
)

19
C

aD
EF

L4
6 

(+
 41

4)
8 

(−
 20

6)
9 

(+
 10

2)
20

C
aD

EF
L5

6 
(−

 14
02

)
7 

(+
 14

03
)

9 
(−

 58
5)

9 
(+

 22
9)

9 
(+

 50
8)

9 
(−

 41
6)

9 
(+

 36
8)

9 
(+

 42
5)

5 
(−

 16
6)

5 
(+

 46
6)

5 
(+

 16
6)

5 
(−

 46
6)

6 
(−

 13
13

)

21
C

aD
EF

L6
6 

(−
 56

3)
6 

(−
 37

5)
6 

(−
 10

81
)

9 
(−

 57
9)

9 
(+

 68
5)

8 
(−

 50
2)

8 
(−

 95
4)

6 
(+

 13
44

)
6 

(+
 14

10
)



 Journal of Plant Growth Regulation

1 3

of any of these CaDEF genes throughout the experimen-
tal duration and showed medium to heavy wilt symptoms 
120 hpi onwards (Fig. 5a).

Using the co-relation regression line between the loga-
rithm of tenfold serial diluted known Foc DNA concentra-
tions and qRT-PCR threshold cycles (Cts) of each DNA, 
the Foc colonization was measured within the root tissue to 
determine the wilt disease establishment in chickpea. There 
was no Foc colonization was detected in the root tissue up 
to 4 dpi. After 7 dpi a detectable amount of Foc DNA was 
measured in both cv. JG 62 and WR 315. Thereafter, the 
amount of the Foc DNA increased significantly in both cul-
tivars at 12 dpi and reached up to 0.821 ng and 0.155 ng per 
10 ng of root tissue DNA of JG 62 and WR 315, respec-
tively. The growth of Foc was comparatively slower in WR 
315 than JG 62. At 15 dpi, the relative quantity of Foc DNA 
was started to decline reasonably in both the cultivars, as 
seedlings of WR 315 became inured with disease and started 

to acclimatize at late time point, whereas in JG 62, the seed-
ling were severely drooped or died completely, consequently 
the reduction of Foc DNA in the roots of JG 62 at the same 
time point (Fig. 4). In an analogous experiment, three chick-
pea genotypes, showing differential resistance to dry root rot 
disease caused by R. bataticola, were compared with respect 
to the gene expression profiles of selected CaDEFs (showing 
higher expression in the resistant genotype in response to 
Fusarium wilt). Based on the greenhouse assays (Table 3), 
ICC 05530 was considered to possess moderate tolerance to 
the pathogen, whereas wild chickpea progenitor, C. reticu-
latum (ICC 17160) and BG 212 were categorized as resist-
ant and susceptible checks, respectively. The induction of 
chickpea defensins upon pathogen infection was assayed in 
inoculated 10–12 day old chickpea seedlings. Similar to the 
Fusarium assays, CaDEF2.5a and CaDEF2.5b exhibited 
early up-regulation after 72 hpi in all genotypes. However, 
the extent of expression varied among the tested genotypes, 

Fig. 3  Chromosomal loca-
tion and homologous gene 
relationships among DEF and 
DEFL genes from Arabidopsis 
thaliana, Medicago truncatula 
and Cicer arietinum) The chro-
mosomal location information 
of Defensin and Defensin-like 
genes was obtained from NCBI 
and mapped to chickpea chro-
mosomes. The map depicting 
chromosomal locations was 
generated using MapChart 2.0. 
The color of each gene depicts 
corresponding group. Homologs 
of each CaDEF and CaDEFL 
gene were determined manually 
by conducting BLAST searches 
against A. thaliana and M. 
truncatula whole genome 
sequences. The synteny map 
was generated using Circos 
v0.69 (Color figure online)
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with ICC 05530 having a significantly higher expression 
than the other two genotypes (BG 212 and C. reticula-
tum; Fig. 5b). At day 5, the expression of CaDEF2.5a and 
CaDEF2.5b subsided in BG 212 and ICC 05530 whereas, 
C. reticulatum (ICC 17160) revealed a steady expression of 
these genes. The expression of CaDEF2.4, CaDEFf2.5a, 
CaDEF2.5b, CaDEFL2, CaDEF4, and CaDEF5 consist-
ently increased in C. reticulatum (ICC 17160) throughout 
the experiment (Fig. 5b). These results were statistically 
significant with %CV < 15%.

Besides, studying the expression profiles of various 
CaDEF genes in response to F. oxysporum f. sp. ciceris 
infection, we also studied the fungal response to defensin 
activity by analyzing the differential expression of four of 
its genes involved in fungal cell wall synthesis i.e., Beta-
1,3-glucanosyltransferase (GAS1), ethanolaminephospho-
transferase (LAS21), 1,3-beta-glucan synthase (FKS1) and 
Switching-deficient transcription co-factor (SWI6) (Acces-
sion No. AY884608.1, JH651387.1, EWZ01533.1 and 

EWZ35589.1, respectively). F. oxysporum infecting the 
resistant genotype WR 315 did not show significant changes 
in transcript abundance of GAS1, LAS21, FKS1, and SWI6 
until 120 hpi, with LAS21 showing slight transcript changes 
at 288 hpi. In contrast, F. oxysporum infecting the suscep-
tible genotype JG 62 had the transcript levels that were 
similar to the resistant genotype until 48 hpi, and increased 
thereafter until 288 hpi, when heavy wilt symptoms were 
observed in these test genotypes (Fig. 5c). Several defensin 
and defensin-like genes such as CaDEF1.1b, CaDEF2.5a, 
CaDEF3, CaDEF5, and CaDEFL2, that showed enhanced 
expression in response to both Fusarium wilt and dry root 
rot pathogens, were chosen for molecular docking studies.

Protein Structure and Interactions with Fungal 
Plasma Membrane Components

The 3D structures of selected CaDEF proteins were pre-
dicted using the homology modeling. The MODWEB 

Fig. 4  Evaluation of disease 
progression of Fusarium wilt. A 
graph showing Foc colonization 
(ng/10 ng of root tissue) against 
the days 2, 4, 7, 10, 12, and 15 
post-inoculation (dpi)

Table 3  Evaluation of disease progression and relative resistance of Fusarium wilt and dry root rot in susceptible and resistant chickpea geno-
types under greenhouse conditions

a Results are mean of data from three replications, each containing > 5 individual plants

Genotype Disease incidence (%) of Fusarium wilt in hours post-inoculation (hpi)a

24 hpi 48 hpi 72 hpi 120 hpi 168 hpi 240 hpi 288 hpi 360 hpi

JG 62 0 0 0 0 13.33 53.33 80 100
WR 315 0 0 0 0 0 0 0 0

Disease severity of Dry Root Rot (1–9 scale) in hours post-inoculation (hpi) #

24 hpi 48 hpi 72 hpi 120 hpi 168 hpi

BG 212 0 0 2.3 6 8.6
ICCV 05,530 0 0 0 2.3 4.3
C. reticulatum (ICC 17,160) 0 0 0 0.6 3.3
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server could model structures for CaDEF1.1b, CaDEF2.5a, 
CaDEF3, CaDEF5, and CaDEFL2, based on availability of 
Protein Data Bank (PDB) templates having high percent-
age sequence identity and query coverage. The proteins 
were superimposed upon their respective templates with 
100% structure overlap (SO) with root mean square devia-
tion (RMSD) ranging from 0.17 to 1.22 (Table S3). The 
interaction of CaDEFs with components of fungal plasma 

membrane, particularly with phosphatidylserine (PS) and 
glucosylceramide (GluCer) were determined by identifying 
putative binding sites. To identify the putative PS binding 
site, each of the 5 CaDEF models were superimposed on 
PDB ID—4CQK, chain-A, (representing crystal structure 
of Nicotiana alta defensin 1 (NaD1) bound to phosphoi-
nositide, that shares structure similarity with PS) (Table S4). 
Residues whose C-alpha and C-beta atoms superimposed 

Fig. 5  Expression of CaDEF 
and CaDEFL genes in culti-
vated and wild chickpea species 
following pathogen invasion. 
a Relative expression levels of 
chickpea Def gene family upon 
F. oxysporum f. sp. Ciceris 
infection in the resistant geno-
type WR 315 and the suscepti-
ble genotype JG 62 at different 
time points. b Expression of 
selected CaDEF and CaDEFL 
genes in the root tissue of BG 
212, ICCV 05,530 and the 
wild species C. reticulatum in 
response to R. bataticola infec-
tion. c Transcript levels of F. 
oxysporum f. sp. Ciceris genes, 
in infected root samples over a 
period of 288 hpi
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with corresponding atoms of residues from 4CQK-A within 
a distance of 5 Å from phosphoinositide (residues- 4, 33, 34, 
35, 36, 37, 38, 39, 40, 42—from 4CQK-A) were considered 
to be putative interacting agents (Table S5). Molecular dock-
ing analyses of the 5 CaDEF models with PS revealed the 
following interacting residues: CaDEF1.1b—29-R, 30-C, 
31-E, 61-R, 63-R, 64-D, 65-D; CaDEF2.5 -31-A, 60-N, 
61-C, 62-Q, 69-F, 71-T; CaDEF3: 30-C, 32-F, 36-R, 37-Y, 
38-T, 40-L, 64-S, 65-F, 66-G, 67-F, 68-T; CaDEF5—52-I, 
53-P, 54-P, 55-E, 57-H, 60-C; CaDEFL2—27-E, 28-G, 29-S, 
59-S, 60-C, 61-S, 32-Y, 63-H, 65-L, 67-T (Fig. 6). Inciden-
tally, our attempts to identify putative residues interacting 
with GluCer were limited due to the unavailability of defen-
sin-GluCer crystal structure. However, PDB ID-2KSK, that 
depicted NMR based interaction studies between GluCer 
and sugarcane defensin, was used as a template for super-
imposition of selected 5 CaDEF models, that determined the 
putative residues that bind to GluCer (residues—31, 32, 34, 
35, 36, 37) (Table S6).

Discussion

A homology and HMM-based approach were used to iden-
tify defensins that might play a crucial role in host-plant 
resistance in chickpea. Our study revealed 16 defensins 
(CaDEF) and 6 defensin-like (CaDEFL) proteins in 

chickpea. Although, the possibility of existence of additional 
defensin genes with distant homologies is highly improb-
able, it cannot be ruled out. Similar studies have reported 
15–50 defensins from other plant genomes (Silverstein et al. 
2005; Thomma et al. 2002). Based on the phylogenetic 
analysis, CaDEF genes were classified further into groups, 
each exhibiting various conserved domains that may bestow 
variable functional characteristics such as defensin hallmark 
ɣ-core motif that confers antibacterial and antifungal prop-
erties (Bohlmann and Broekaert 1994). Major determinants 
of the antifungal activity and morphogenicity of defensins 
have been reported to reside in their γ-core motifs; although, 
minor determinants outside the γ-core motifs also contribute 
to their antifungal activity (Sagaram et al. 2013). The evo-
lutionary relationship of CaDEFs and CaDEFLs with their 
counterparts in model plant species indicated a closer rela-
tionship with MtDEF genes as compared to AtDEF. Most 
members belonging to different sub-families were clus-
tered together in clades suggesting that multiple members 
belonging to a CaDEF sub-family must have arisen due to 
gene expansion through tandem duplications resulting from 
unequal crossing over, leading to small changes in the gene 
sequences (Cannon et al. 2004) resulting in multifunctional 
roles (Thomma et al. 2002).

The structure of CaDEF gene shows presence of a single 
intron after 54–66 nucleotides long exon 1 that seems to be 
critical for intron-mediated enhancement (IME), frequently 

Fig. 6  Molecular docking 
revealing interactions of CaDEF 
and CaDEFL proteins with 
phosphatidylserine (PS), a 
fungal cell wall component. 
a CaDEF1.1b, b CaDEF2.5a, 
c CaDEF3, d CaDEF5, and e 
CaDEFL2. The electrostatic 
interactions are depicted (inset) 
and corresponding LigPlots 
show residues involved in 
electrostatic and hydrophobic 
interactions
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observed in plants (Rose 2008). Moreover, its significance 
in the CaDEFs predominantly expressing under pathogen 
attack explains the invasion-induced gene expression pos-
sibly due to an intron-mediated boost in the pre-mRNA syn-
thesis by increasing transcription initiation and RNA poly-
merase II processing (Furger et al. 2002; Kwek et al. 2002; 
Proudfoot et al. 2002). Further, the analysis of promoter 
regions of CaDEF genes was also carried out for presence of 
cis-regulatory elements that provided indirect functional evi-
dences for their role in response to stress conditions (Lynch 
and Conery 2000). Interestingly, methyl jasmonate (TGACG 
and CGTCA motifs) and salicylic acid (TCA motif) respon-
sive elements identified in the promoter regions of some 
CaDEF genes signify the key roles of CaDEF genes in 
resistance-associated mechanisms, some of which may be 
modulated by different stress-induced hormones.

CaDEF and CaDEFL genes were found to be distrib-
uted on all chickpea chromosomes except chromosomes 
2 and 4, where most showed a homology-based pairwise 
synteny with defensins from A. thaliana and M. truncatula 
as observed in several previous reports (Jain et al. 2013; 
Varshney et  al. 2013; Benko-Iseppon et  al. 2003). The 
chromosomal localization of CaDEF genes indicated their 
existence in clusters. Clustering of genes involved in defense 
response is a common feature in plant genomes (Yang and 
Wang 2016) that has been reported earlier in various organ-
isms such as chicken, humans, and Arabidopsis (Hollox et al. 
2003; Xiao et al. 2004; Takeuchi et al. 2010). The two clus-
ters present on chromosomes 1 and 7 in chickpea contain 
genes that are closely related to each other providing a res-
ervoir of genetic variation, suggesting that rapid molecular 
evolution by local duplication and positive selection could 
have formed such gene clusters (Silverstein et al. 2005; Max-
well et al. 2003; Semple et al. 2003; Graham et al. 2004). 
Different expression patterns of genes belonging to the same 
family imply possible functional redundancy or diversifica-
tion (Innan and Kondrashov 2010). Additionally, tandem 
duplications of CaDEF groups may result in increased tran-
script and protein accumulation or functional diversification. 
Indeed, the elevated expression of CaDEFL genes may be 
due to a high copy number.

Interestingly, some of the genes flanking the two identified 
chickpea defensin clusters such as PPR, oxysterol-binding 
protein, subtilisin-like protease and serine/threonine-protein 
phosphatase have been known to play diverse roles in plant 
defense mechanisms, mostly for abiotic and biotic stress 
responsiveness. Overall, this highlighted our hypothesis that 
the two clusters of physically adjacent genes co-express and 
contributes to stress response mechanisms (Williams and 
Bowles 2004; Mezey et al. 2008). The proximity, common 
cis-regulatory elements, promoter and enhancer regions, 
and chromatin-level regulation could possibly explain the 
correlation of gene clusters with expression (Oliver et al. 

2002). Future studies on transcriptional activities and segre-
gation of these regions in various disease resistant and stress 
adapted chickpea genotypes could provide leads on a ‘stress 
responsive hotspot’, which potentially can be introgressed to 
develop varieties with improved resistance traits.

The expression profiles of CaDEF genes using qRT-PCR 
in response to two major fungal pathogens, (F. oxysporum f. 
sp. ciceris, a hemi-biotrophic fungi and Rhizoctonia bata-
ticola, a necrotroph that colonizes chickpea roots) revealed 
differential expression of individual defensins from resistant 
and susceptible chickpea genotypes warranting further stud-
ies to analyze their overexpression in the host-plant resist-
ance. Overexpression of defensins such as wasabi defensin 
(WT1) in rice, potato, and orchids have shown increased 
resistance to Magnaporthe grisea, Erwinia carotovora, F. 
oxysporum and Botrytis cinerea (Lay and Anderson 2005; 
Kong et al. 2014), and RsAFP-1 defensin gene from mustard 
in transgenic tobacco and peanut plants showed enhanced 
resistance to fungal pathogens F. moniliforme, P. parasitica, 
P. nicotianae and C. arachidicola (Anuradha et al. 2008). 
Similarly, while expressing Dahlia defensin (Dm-AMP1) 
in rice inhibited the pathogen, M. oryzae and Rhizocto-
nia solani (Jha et al. 2009), extracellular, vacuolar and ER 
localization of MtDEF4.2, a defensin from M. truncatula 
in A. thaliana resulted in enhanced resistance to Fusarium 
wilt (Kaur et al. 2011). Our experimental studies confirmed 
that six defensin genes, viz. CaDEF1.1b, CaDEF2.4, 
CaDEF2.5a, CaDEF3, CaDEF5, and one CaDEFL2 gene 
that showed significant up-regulation during in genotypes 
resistant to both Fusarium and R. bataticola infection, and 
potentially have a role in their innate immune response. 
Considering that some of these CaDEFs might be a result 
of gene duplication events, their diverse expression pro-
files might be attributed to sub-functionalization, (splitting 
of multiple functions of the original gene between the two 
duplicated genes) or neo-functionalization (developing a 
novel function).

We also studied the expression of F. oxysporum genes viz. 
GAS1, LAS21, FKS1, and SWI6 that are involved in fungal 
cell wall synthesis and maintenance during infection and 
disease progression (García et al. 2015). Our results revealed 
that infecting the resistant genotype WR 315 with Fusarium 
significantly lowered the expression of GAS1, FKS1, LAS21, 
and SWI6 genes compared to the susceptible genotype JG 
62 throughout the duration of the experiment (until 288 
hpi). While GAS1 localizes to cell surface by anchoring to 
glycosylphosphatidylinositol and is required for cell wall 
assembly, morphogenesis, and cell wall integrity, FKS1 
represents catalytic subunit of 1,3-beta-d-glucan synthase 
that is responsible for cell wall synthesis and maintenance. 
SWI6, a transcription co-factor regulates transcription at the 
G1/S transition, whereas LAS21 codes for an integral plasma 
membrane protein. These genes are transcriptionally induced 
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under cell wall stress conditions for aiding recovery from 
stress and boosting fungal growth (García et al. 2015). Inter-
estingly, transcript abundance of these genes shows a strong 
negative correlation with the expression of CaDEF genes in 
resistant as well as susceptible genotypes, indicative of their 
putative role in defense against fungal pathogen.

The activity of AMPs depends upon the composition and 
physicochemical properties of cell surface layer (Lacerda 
et al.2014; Matsuzaki 1999). To further study the interac-
tion of defensins with the cell membrane residues of invad-
ing pathogens, we looked at the electrostatic interaction 
of these with negatively charged lipid bilayer components 
characteristic of any bacterial and fungal pathogens. Since 
defensins do not present a distinct pattern of positively 
charged or hydrophobic amino acids, their secondary struc-
ture and disulphide bridges-mediated folding contribute to 
their antimicrobial activity (Matsuzaki 2009). Recently, the 
RGFRRR motif from MtDef4 was reported to play a role in 
protein internalization and membrane disruption (Sagaram 
et al. 2013). However, this motif did not exist in CaDEFs and 
CaDEFLs, suggesting that multiple mechanisms govern the 
activity of defensins, in line with many other reports (Vriens 
et al. 2014; Yang et al. 2001; Rotem and Mor 2009). Moreo-
ver, our molecular docking data with the 5 selected chickpea 
defensins revealed differences in charge and hydropathicity 
of interacting residues suggesting variance in their mode of 
action. The PS interacting residues comprised of positively 
charged as well as hydrophobic and polar amino acids and 
their antifungal nature was evident by low binding ener-
gies (− 4.7 to − 2.8 kcal  mol−1) representing stronger ligand 
interactions. Defensins are known to bind and interact with 
phospholipids that are integral components of the fungal cell 
membrane supporting pore formation and membrane disrup-
tion (Poon et al. 2014). PS, a predominant anionic species 
represents up to 20% of the surface lipids, provide a bind-
ing site for cationic defensin residues resulting in an altered 
membrane charge (Yeung et  al. 2008) where increased 
 Ca2+ influx that might lead to PS externalization resulting 
in apoptosis-like condition (Cools et al. 2017). The super-
imposition studies also indicated a possible interaction of 
CaDEF1.1b with glucosylceramide (GluCer), a glycosphin-
golipid that facilitates the insertion of defensin peptides in 
the fungal plasma membrane arresting its growth (Thevissen 
et al. 2004; Nimrichter and Rodrigues 2011) suggesting its 
interaction with fungal GluCer that consequently inhibited 
its growth (Thevissen et al. 2010; Thevissen et al. 2007).

Conclusion

Our study is the first to identify DEF and DEFL genes 
in chickpea that are important components of host-plant 
resistance against its major pathogens. The in silico data 

strengthens our observations on the putative interaction 
of CaDEF1.1b, CaDEF2.5a, CaDEF3, CaDEF5, and 
CaDEFL2 with chickpea pathogens, contributing to innate 
immunity. This study has generated significant knowledge 
that newer gene expression/editing tools have the potential to 
provide new opportunities for crop improvement with dura-
ble resistance to fungal pathogens in cultivated chickpea. 
Nevertheless, future studies on investigating antifungal prop-
erties of the selected defensin genes in terms of their modes 
of action including morphogenic and/or non-morphogenic 
nature remain to be elucidated to fully determine the range 
of pathogens that are inhibited by these antimicrobial pro-
teins and for their possible deployment in other crops for 
enhanced disease resistance.
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